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Abstract 

The dispersion hardening effect of Mn(Fe)-containing dispersoids in aluminium alloys has long 

been ignored since it is difficult to achieve a high number density of fine dispersoids with 

conventional alloying compositions. This work demonstrates a minor addition of Cd (0.05 at.%) 

can dramatically enhance the precipitation of α-Al(Mn,Fe)Si dispersoids and therefore the 

dispersion strengthening of AA3003 alloy. Similar to the 3003 base alloy, a peak hardness in 

the Cd-containing alloy was obtained after continuous heating to 450 °C. However, an 

improvement in yield strength by 25% was achieved by the Cd addition. Detailed transmission 

electron microscopy (TEM) and atom probe tomography (APT) investigations show that the 

Cd addition has changed the nucleation behaviour of α-Al(Mn,Fe)Si dispersoids from the 

conventional heterogeneous nucleation on dislocations to a more homogeneous manner. It is 

found that a high number density of Al-Cd nanoprecipitates formed during heating between 

150 and 250 °C. These Al-Cd precipitates attracted Mn and Si atoms to form Mn,Si-rich 

clusters in/around them, which acted as the precursors for the later nucleation of α-Al(Mn,Fe)Si 

dispersoids at ~300 °C. As a result, the number density of dispersoids formed in the Cd-

containing alloy after heating to 350-450 °C is about twice as that in the base alloy subjected 
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to the same heat treatment. This work proposes a new approach to enhance the nucleation of 

α-Al(Mn,Fe)Si dispersoids, which can help to further develop cheap Mn(Fe)-containing 

dispersoid-strengthened aluminium alloys for high-temperature applications. 

Keywords: Precipitation; Dispersoid; Dispersion strengthening; Cadmium; Atom probe 

tomography 
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1 Introduction 

The strength of age-hardenable aluminium alloys (e.g. 2xxx, 6xxx and 7xxx series) can be 

dramatically improved by the precipitation of (semi-)coherent precipitates upon artificial 

ageing treatment [1,2]. However, these strengthening precipitates are very sensitive to 

temperature. Due to coarsening, phase transformation and/or dissolution, they lose their 

strengthening effect at elevated temperatures. This makes it difficult for these ageing-hardening 

alloys to satisfy the increasing demands from automotive and aerospace industrial sectors for 

Al alloys that can sustain elevated service temperatures (≥ 250 °C). It has been demonstrated 

that an addition of individual or a combination of Zr, Sc and Er elements in aluminium alloys 

can introduce thermally stable, high-density, nano-sized dispersoids, such as Al3Zr, Al3Er, 

Al3(ZrxSc1-x) [3,4,13–16,5–12]. As a result, the strength of the alloy at room temperature and 

especially at elevated temperatures can be largely increased [5,11,12]. Among these alloying 

elements, the effect of Sc is much more significant than that of other elements. However, the 

application of Sc-containing Al alloys has largely suffered from the extremely high price of Sc.  

With a comparable thermal stability to the expensive Sc-containing dispersoids, the nano-sized 

Mn(Fe)-containing dispersoids have the potential to be developed as a cheaper solution for 

designing high-temperature Al alloys [17,18]. AA3xxx and some Mn-containing 5xxx and 

6xxx Al alloys are normally supersaturated with Mn in the as-cast state [19–21]. During heating, 

the decomposition of the supersaturated solid solution (SSSS) will lead to the precipitation of 

different types of Mn(Fe)-containing dispersoids depending on the alloy composition and heat 

treatment process [19,20,22–24]. 

α-Al(Mn,Fe)Si is the most common dispersoid formed in these alloys, which has a cubic crystal 

structure and a lattice constant of 𝑎 = 1.256 ~ 1.265 nm [25,26]. It is partially coherent and has 

a preferential orientation relationship (OR) with the Al matrix:  {52̅7̅}𝑝 ∥ {011}𝑚, < 11̅1 >𝑝∥
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< 11̅1 >𝑚 [19,27], where the subsript p and m represent particle and matrix, respectively. Li 

and Arnberg [24] reported that during the continuous heating of as-cast 3xxx alloys at a rate of 

50 °C/h, α-Al(Mn,Fe)Si dispersoids started to precipitate at temperatures above 300 °C. While 

at temperatures higher than 500 °C, the size of dipsersoids grew fast and the number density 

reduced sharply with temperature due to the coarsening and disolution of α-dispersoids in the 

Al matrix. 

Al6(Mn,Fe), as another common type of dispersoids, usually precipitates in 3xxx alloys with a 

very low Si content and 5xxx alloys at higher temperatures during heat treatment, 

accompanying with the dissolution of α-dispersoids [20,23]. Al6(Mn,Fe) dispersoids have an 

orthorhombic crystal structure and preferentially a platelet or long lath morphology with their 

habit planes coherent with the Al matrix. The most common OR between Al6(Mn,Fe) and the 

Al matrix is determined as (001)𝑝 ∥ (31̅5)𝑚, [1̅10]𝑝 ∥ [211̅]𝑚 [20]. Al6(Mn,Fe) dispersoids 

are very stable at high temperatures and can survive even after a long-time soaking (600 °C, 

24 h) [19,22]. However, the number density of Al6(Mn,Fe) dispersoids is rather low while their 

size is much larger than α-Al(Mn,Fe)Si dispersoids. 

Although a relatively high density of dispersoids can be obtained in 3xxx alloys during heating 

due to the higher Mn contents than 5xxx and 6xxx alloys, the number density of Mn(Fe)-

containing dispersoids is still not high enough to achieve a distinct dispersion hardening effect. 

Instead, these dispersoids are more recognized for their significant effects on retarding recovery, 

recrystallization and grain growth [28–32]. In recent years, the dispersion hardening effect of 

Mn(Fe)-containing dispersoids has been re-assessed. It is found that a proper heat treatment 

can produce a higher number density of nano-sized α-Al(Mn,Fe)Si dispersoids and therefore a 

significant dispersion hardening [17–19,27,33–35]. For example, by an isothermal annealing 

at 375 °C for 24 h, the yield strength of AA3003 alloy could be increased by 53.8% in 
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comparison to the as-homogenized sample (600 °C, 24 h) [19]. To further improve the 

dispersion hardening effect of dispersoids, great efforts have been made on modifications of 

the chemical compositions of 3xxx alloys. It shows that increasing Mn, Si or Fe contents can 

effectively increase the number density of α-Al(Mn,Fe)Si dispersoids in 3xxx alloys [33,35]. 

Nevertheless, the current achievements in the dispersion strengthening of Mn-containing 

dispersoids are still not satisfactory, especially when compared to the Sc-containing alloys. 

This is attributed to the nucleation mechanism of Mn-containing dispersoids: most of them 

heterogeneously nucleate on dislocations [36–38] or on coarse Mg2Si precipitates in Mg-

containing alloys [37], which results in a low density and heterogeneous distribution of 

dispersoids. 

Microalloying has been a widely used approach to modify the precipitation behaviour of nano-

sized strengthening precipitates and therefore improve the mechanical properties of age-

hardenable alloys. Additions of alloying elements, such as Cd [39–43], In [39,40], Sn 

[39,40,44–46] or Ag [42] in Al-Cu alloys and Cu [47–49], Ge [50], Ag [49] or Sn [51] in Al-

Mg-Si alloys, have been demonstrated to enhance the age hardening effect of alloys. However, 

the underlying mechanisms are different depending on the microalloying elements and alloy 

compositions. Moreover, the mechanisms of some microalloying elements are rather complex 

and are still under debate. For example, several hypotheses have been proposed to interpret the 

mechanisms of impurity element Cd, In and Sn (here all referred to as X) in strengthening Al-

Cu alloys. One hypothesis based on resistivity and dilatometer examinations on the early 

ageing stage suggested the enhanced nucleation of θ’ is due to the fast coalescence of X-Cu-

vacancy clusters [52,53]. The strong binding energy of X atoms with vacancies favours this 

proposal but it lacks direct experimental evidence. The second proposed mechanism is that the 

segregation of X atoms at the θ’/α-matrix interface reduces the interfacial energy of θ’ nuclei 

[40,54–56]. This hypothesis which was initially proposed based on calorimetric measurements 
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and electron diffraction analyses also lack direct experimental supports. Another possible 

mechanism is that the prior precipitation of X atoms leads to the heterogeneous nucleation of 

θ’ on them [39,56]. Careful APT and high-resolution TEM investigations on Al-Cu-Sn alloys 

by Ringer and Homma et al. [45,46] supported this mechanism. Such a mechanism has also 

been applied to explain the enhanced precipitation in Al-Cu alloys microalloyed with Si-Ge 

[57,58] and In-Sb [59]. A recent high-resolution TEM study by Bourgeois et al. [60], however, 

argued that the major influence of Sn addition in Al-Cu alloys is to promote the nucleation of 

θ’ with “magic” thicknesses ( e.g. 3.5cθ’ and 5.5cθ’), corresponding to minima in volumetric 

and shear misfit strain. On the other hand, due to the limited experimental studies in recent 

years, the microalloying mechanisms by which Cd and In enhance the strength of Al-Cu alloys 

are less clear. 

Based on the inspiring microalloying effects in age-hardenable Al-Cu alloys, it is of great 

interest to find a similar microalloying approach to enhance the precipitation of dispersoids in 

AA3xxx alloys. In this work, it is demonstrated that a minor addition of Cd (0.05 at.%) can 

dramatically change the nucleation behaviour of dispersoids and substantially enhance the 

precipitation of dispersoids and their dispersion hardening effect. To explore the superior 

strengthening effect induced by Cd addition, the microstructural evolution of dispersoids 

(including size, number density, morphology and spatial distribution) during the continuous 

heating until 600 °C was systematically investigated in comparison with a Cd-free 3003 alloy. 

APT has been applied to reveal the precipitation behaviour of Cd-rich nanoparticles and the 

nucleation behaviour of dispersoids in the low-temperature range. 

2 Experimental 

A DC-cast 3003 alloy extrusion billet with a dimension of 178 mm in diameter was used as the 

raw material and also as the reference material. After remelting at ~750 °C, a master alloy of 
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Al-5 wt.% Cd was added to the melt. When Cd was completely dissolved, the melt was kept 

for 30 min. In the end, the melt was cast into a copper mould to obtain a small ingot with a size 

of 100  70  30 mm3. The measured chemical compositions of both the 3003_0.2Cd alloy and 

the reference 3003 alloy are listed in Table 1. In comparison to the reference alloy, the contents 

of Mn, Fe and Si are slightly lower in the 3003_0.2Cd alloy, showing some loss of the alloying 

elements or dilution from the Al-Cd master alloy during remelting. 

10 samples were cut from each as-cast ingot and subsequently heated up to 600 °C at a rate of 

50 °C/h in an air circulation furnace. During the continuous heating between 150 and 600 °C, 

the samples were withdrawn and water quenched one by one at every 50 °C. Vickers hardness 

measurements were performed on samples after polishing with 1 µm surface finish using a load 

of 5 kg and a dwell time of 15 s. Each data point in the hardness curves was based on an average 

of at least 8 measurements. Electrical conductivity (EC) measurements were carried out on a 

planar, polished surface of the samples (15  15  10 mm3) at room temperature (RT, 25 ± 1 °C) 

using a Foerster Sigmatest 2.069 instrument with a frequency of 60 kHz. The device was 

calibrated with two standard samples with given EC values (58.5 and 4.415 MS/m) before each 

testing to ensure the measurement accuracy. Flat rectangular tensile samples were machined 

based on ASTM standard with a gauge length of 25 mm. Ambient tensile testing was conducted 

on an MTS 810 tensile testing machine at an initial strain rate of 0.001 s-1. An extensometer 

was used for the precise measurement of the strain. Three samples were tested for each 

condition and the average values were obtained.  

A scanning electron microscope (FEI Quanta 650 FEG) was employed for the low-

magnification observation of dispersoid distribution. Thin foils for transmission electron 

microscopy (TEM) study were prepared by a standard mechanical polishing and 

electropolishing procedure. Electropolishing was conducted using a solution of 1/3 HNO3 in 
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methanol (maintained at ~ -25 °C) through a Struers TenuPol-5 twin-jet electropolisher 

operated at ~20 V. A JEOL 2100 operated at 200 kV was utilized for bright-field TEM imaging, 

selected area electron diffraction (SAED) and energy-dispersive X-ray spectroscopy (EDS) 

analyses. The number density of particles is determined by 𝑁𝑉 =
𝑁

𝐴(𝐷̅+𝑡)
 [33,34,38,61], where 

N is the number of particles within the TEM image, A is the area of the image, 𝐷̅ is the average 

equivalent circular diameter of particles and t is the thickness of TEM foil for the local imaging 

area. For each sample, a series of TEM images (at least 8 areas) from the centre to the periphery 

of dendrite arms were taken and 200~2000 particles were analysed with the help of ImageJ 

software as well as manual measurements to obtain 𝐷̅ and N. The local thickness (t) of TEM 

thin foil for each image was measured by electron energy loss spectroscopy (EELS). In addition, 

a JEOL 2100F operated at 200 kV was used to acquire high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) images and the corresponding EDS data. 

APT was used to characterize the early-stage precipitation of dispersoids. The needle-shaped 

APT samples were fabricated from small rods (0.5  0.5  15 mm3) with a standard two-step 

electropolishing procedure. The first step was conducted with a solution of 30% perchloric acid 

in acetic acid at 20 V and the second step with a solution of 5% perchloric acid in 2-

butoxyethanol at 20 V. APT characterization was carried out on a local electrode atom probe 

LEAP4000X SI under a high vacuum of 2x10-9 Pa, at a specimen temperature of 20 K, a UV 

laser pulsing energy of 40 pJ, a repetition rate of 250 kHz and a target evaporation rate of 0.5%. 

The detection efficiency of APT is ~55%, which is sufficient for the concentration 

measurements in this study. Atom probe data reconstruction and quantitative analyses were 

performed by using Cameca IVAS 3.6.12. 
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3 Results 

3.1 Vickers hardness and electrical conductivity 

The evolution of Vickers hardness and EC of the 3003 and 3003_0.2Cd alloys during 

continuous heating is presented in Figure 1. In the as-cast state, the 3003_0.2Cd alloy has a 

lower hardness but a higher EC value than the 3003 alloy. It is known that the solute Mn has 

an influence of decreasing the EC value of Al alloy [38], and Cd has the same effect but to a 

much lesser extent [62]. Therefore, the lower hardness but higher EC value of the 3003_0.2Cd 

alloy is most likely to be correlated with a lower content of Mn in solid solution. During heating, 

the hardness of the 3003 alloy starts to increase after it is heated to 300 °C and reaches a 

maximum value at 450 °C. The hardness evolution is consistent with the EC evolution of the 

alloy, as shown in Figure 1(b). The increases of EC at 300-450 °C suggests the decomposition 

of SSSS and the precipitation of dispersoids, while the decrease of EC at 450-600 °C is an 

indication of the dissolution of dispersoids and thus an increase of Mn concentration in solid 

solution [38,63]. For the 3003_0.2Cd alloy, although its EC evolution looks similar to that of 

the 3003 alloy, this alloy has two hardness peaks at 200C and 450C, respectively. The peak 

hardness at 450 °C (49.2 ± 0.5 HV) is much higher than that of the base alloy (44.3 ± 0.6 HV), 

indicating that the Cd addition has substantially increased the dispersion strengthening by 

dispersoids in the alloy. The unexpected peak hardness at 200 °C is 46.5 ± 0.6 HV. At this 

peak-hardness temperature, however, little change of EC is detected (Figure 1(b)), suggesting 

that an additional strengthening phase other than α-Al(Mn,Fe)Si dispersoid is formed. 

Moreover, in contrast to an almost constant EC value of the 3003 alloy from RT to 300 °C, an 

increase of EC becomes evident at 300 °C in the 3003_0.2Cd alloy (Figure 1(b)), which 

indicates an earlier dispersoid precipitation than the 3003 alloy. 
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3.2 Precipitation of α-Al(Mn,Fe)Si dispersoids 

The representative SEM micrographs of the two experimental alloys as-heated to 450 °C (the 

peak-hardness temperature) are shown in Figure 2. Fine dispersoids are observed in both alloys, 

but the density of the dispersoids in the 3003_0.2Cd alloy is significantly higher than that in 

the 3003 alloy. Furthermore, the distribution of dispersoids in the 3003 alloy shows a network 

like character (Figure 2(a)), which is likely due to the preferential nucleation of the dispersoids 

along dislocations [38]. In contrast, the distribution of dispersoids in the 3003_0.2Cd alloy is 

much more homogeneous; only in the regions close to the large constituent particles (with 

bright contrast) at dendrite arm periphery, the number density of dispersoids is lower (Figure 

2(b)). 

TEM micrographs of the 3003_0.2Cd alloy during heating in the range of 350-600 °C are 

shown in Figure 3. In the sample as-heated to 350 °C, as shown in Figure 3 (a), a high density 

of nano-sized particles with a dark grey contrast have formed in the Al matrix. A few relatively 

coarse nanoparticles with a dark contrast (pointed by white arrows) can also be observed. A 

careful examination reveals that most of the dark nanoparticles are associated with dark grey 

nanoparticles. EDS analyses show that the dark grey nanoparticles are most likely to be α-

Al(Mn,Fe)Si dispersoids (see inset 1 in Figure3(a)), while the dark nanoparticles are enriched 

with Cd (see inset 2 in Figure 3(a)). An increase of temperature to 400 °C leads to an evident 

increase of the dispersoid size, but no evident decrease in the number density is observed 

(Figure 3(b)). In the sample as-heated to 450 °C, although some relatively coarse dispersoids 

can be seen, most of the dispersoids are still in the nano-sized range and the density is also high 

(Figure 3(c)). The SAED pattern of multiple dispersoids along [111] zone axis of the α-Al 

(inset in Figure 3(c)) shows a six-fold pattern of reflections from α-dispersoids which is the 

same as that shown in Ref. [25], confirming that these α-Al(Mn,Fe)Si dispersoids have the 

same preferential OR with the Al matrix.  
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At 500 °C, a further coarsening of dispersoids is evident (Figure 3(d)). It should be noted that 

the majority of dispersoids have a roughly cubic shape up to 500 °C and only a small fraction 

of them are in thin platelet or rod morphology (Figure 3(a)-(d)). This is different from the 

dispersoids in the 3003 alloy as-heated to 500 °C, where a large fraction of dispersoids have a 

thick platelet morphology [38]. Dispersoids in the 3003_0.2Cd alloy as-heated to 550 and 

600 °C become even coarser and the number density continuously decreases (Figure 3(e) and 

(f)). Some dispersoids exhibit a thick platelet morphology. Interestingly, nanoparticles with a 

dark contrast (labelled by white arrows in Figure 3(e) and (f)) are observed to be attached to 

the coarse α-dispersoids.  

HAADF-STEM and EDS analyses were employed to identify the dark nanoparticles attached 

to dispersoids as seen in Figure 3. In the HAADF-STEM image (Figure 4(a)), the nanoparticles 

show a bright contrast while the coarse dispersoids show a dark grey contrast. EDS line 

scanning across one dispersoid with a nanoparticle (Figure 4(b)) indicates that the dark grey 

dispersoid is enriched with Mn, Si and Fe, while the bright nanoparticle is Cd-rich in nature. 

Figure 5 summarizes the measured equivalent diameter, number density and size distribution 

of dispersoids in the 3003_0.2Cd alloy as-heated to different temperatures. The statistical data 

of the 3003 alloy subjected to the same heat treatment [38] is also included for comparison. It 

is revealed that between 350 and 500 °C, the size of dispersoids in the 3003_0.2Cd alloy is 

smaller while the number density is much higher than that in the 3003 alloy at the same 

temperature (Figure 5 (a) and (b)). However, the difference in size between the two alloys is 

less evident at the nucleation/growing stage (350-400 °C), while the difference in number 

density is less evident after heating to a higher temperature (≥ 500 °C). At the peak-hardness 

temperature of 450 °C, the number density of dispersoids in the 3003_0.2Cd alloy (~2200 µm-

3) is almost doubled as that of the 3003 alloy (~1200 µm-3). Although the dispersoids seem to 

be coarsening during heating from 350 to 450 °C according to the statistical data, the maximum 
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EC value and hardness are achieved at 450 °C. This should be attributed to the increase in the 

total volume fraction of dispersoids due to the size increase. On the other hand, the dispersoids 

at 550-600 °C show almost the same size and density as that of the 3003 alloy at the same 

temperature (Figure 5). It indicates that at higher temperatures, dispersoids in the 3003_0.2Cd 

alloy experienced a fast dissolution as those in the 3003 alloy due to the solubility increase of 

Mn in Al [38]. According to the microstructural analyses shown in Figure 2, 3 and 5, the 

addition of Cd is effective in obtaining finer, denser and more homogeneously distributed 

dispersoids at temperatures between 350 and 500 °C. 

3.3 Early-stage precipitation of Cd-rich nanoparticles and dispersoids 

Figure 6(a)-(d) show a series of TEM micrographs of nanoparticles precipitated in the 

3003_0.2Cd alloy as-heated to temperatures between 200 and 350 °C. At 200 °C, well-

dispersed ultrafine nanoparticles with an average diameter of 1.5 nm are found in the Al matrix 

(Figure 6(a)). After the alloy is heated to 250 °C, a slight increase in the size of nanoparticles 

can be observed (Figure 6(b)). TEM-EDS analyses reveal that these nanoparticles are enriched 

with Cd (see inset). When the alloy is further heated to 300 °C, both the nano-sized dark grey 

particles (pointed by red arrows in Figure 6(c)) and “composite” particles (with a dark 

component and a dark grey component, as indicated by white arrows) can be observed. 

HAADF-STEM images of two “composite” particles and the corresponding EDS line scan 

profiles across the particles are shown in Figure 7. It reveals that the dark grey components of 

the “composite” particles in the bright-field image are enriched with Mn, Si and Fe, while the 

dark components are enriched with Cd. It implies that the precipitation of α-Al(Mn,Fe)Si 

dispersoids is correlated with the Cd-rich nanoparticles. At 350 °C, more α-Al(Mn,Fe)Si 

dispersoids with an increase in size can be found (Figure 6(d)), while the “composite” 

nanoparticles are less frequently observed. 
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Figure 8 presents the evolution of average equivalent diameter and number density of Cd-rich 

nanoparticles and α-Al(Mn,Fe)Si dispersoids in the 3003_0.2Cd alloy as-heated to 200-350 °C. 

With the increase of temperature, the average size of Cd-rich nanoparticles increases while the 

number density decreases, suggesting that the Cd-rich nanoparticles experience a coarsening 

and/or dissolution process between 200 and 350 °C. It is interesting to see that when the 

temperature increases from 300 to 350 °C, the number density of Cd-rich nanoparticles 

significantly reduces from 1500 µm-3 to 100 µm-3 while the number density of dispersoids is 

almost doubled from 1300 µm-3 to 2500 µm-3 (Figure 8). In combination with the TEM 

observations shown in Figure 6, it is suggested that during heating from 300 to 350 °C, many 

Cd-rich nanoparticles of the “composite” particles are coarsened and/or dissolved while the 

dispersoids of the “composite” particles remain and continue to grow.  

To explore the crystal structure of the Cd-rich nanoparticles, SAED analyses were conducted. 

Two different types of Cd-rich nanoparticles were identified. Figure 9(a) and (d) show bright-

field TEM images of two coarse Cd-rich nanoparticles with a diameter of 40-60 nm in the 

3003_0.2Cd alloy as-heated to 250-300 °C. Figure 9(b) and (e) show their corresponding 

SAED patterns, which were taken along [1̅1̅0]𝑚 and [1̅11]𝑚, respectively. The coarse Cd-rich 

nanoparticles are determined to have a hexagonal close-packed (hcp) crystal structure as the 

equilibrium Cd phase (P63/mmc, a = 0.298 nm, c = 0.562 nm). The orientation relationship 

between the hcp Cd-rich particles and Al matrix is determined to be (112̅0)𝑝 ∥

(220)𝑚, [0001]𝑝 ∥ [1̅11]𝑚, which is consistent with the simulated diffraction patterns shown 

in Figure 9(c) and (f). On the other hand, most of the Cd-rich nanoparticles observed in this 

study show a size less than 16 nm (Figure 6, 8 and 10(a)), the corresponding SAED patterns 

reveal no extra diffraction spot except for the spots of α-Al (Figure 10(b) and (c)), indicating 

that the Cd-rich nanoparticles might have a metastable form with the same crystal structure and 

a similar lattice constant as the Al matrix. However, this needs yet to be further investigated.  
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3.4 Formation of Mn-rich clusters 

APT was employed to further investigate the role of Cd-rich nanoparticles played in the early 

stage of α-Al(Mn,Fe)Si dispersoid precipitation. Figure 11 shows the APT results of the 

3003_0.2Cd alloy as-heated to 250 °C, where the Cd atoms are displayed in green, Mn in 

yellow and Si in grey. Since the signals of Fe2+ ions in the mass spectrum is mostly overlapping 

with the main peak of Al+1 ions, Fe was not clearly identified. Nano-sized Cd-rich particles are 

evidenced in the Cd atom map as shown in Figure 11(a). Although the enrichments of Mn and 

Si in the Cd-rich particles are hard to be resolved by visual examination of the total Mn and Si 

atom maps, their enrichments are clearly resolved in a zoomed view of a Cd-rich particle (in a 

blue box in Figure 11(b)) in a thin slice as shown in Fig. 11(c). A proximity histogram 

(proxigram) of the Cd-rich particle defined by an isoconcentration surfaces at 4.6 at.% Cd 

(Figure 11(c)) reveals that the maximum Cd concentration of the particle is about 19.50 at.% 

measured from its central region (Figure 11(c)). This implies that the Cd-rich nanoparticles are 

Al-Cd precipitates rather than the stable pure Cd phase. It is striking to see that the 

concentration of Mn within the Cd-rich region (2.34 ± 0.36 at.%) is much higher than that in 

the surrounding Al matrix (0.37 ± 0.05 at.%). An almost doubled Si concentration is detected 

at the periphery of Cd-rich nanoparticles (0.40 ± 0.10 at.%) when compared to the Al matrix 

(0.20 ± 0.04 at.%). However, the peak of Mn concentration slightly deviates from the centre of 

Cd-rich region, which shows a “core-shell” structure. It implies that the Cd-rich nanoparticles 

may form first, and Mn and Si atoms diffuse and partition to the Cd-rich nanoparticles later. 

Figure 11(d) presents the proxigram of a smaller Cd-rich nanoparticle with a radius of about 

1.5 nm (in an orange dashed box in Figure11(b)). The concentration peaks of Mn and Si also 

deviate from the centre of the nanoparticle, confirming the “core-shell” structure of Cd-rich 

nanoparticles. In comparison to the larger particle in Figure 11(c), the concentrations of Mn, 
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Si and Cd in this particle are smaller, which implies that the enrichments of these elements 

increase with the size of Cd-rich nanoparticles.  

3.5 Tensile results and dispersoid strengthening 

The engineering stress-strain curves of both the 3003 and 3003_0.2Cd alloys as-heated to 

450 °C are presented in Figure 12. The yield strength (YS), ultimate tensile strength (UTS) as 

well as total elongation (TE) are listed in Table 2. As can be seen, the YS of the 3003_0.2Cd 

alloy is 17 MPa higher than that of the 3003 alloy, which is corresponding to an improvement 

of 25%. This is in a good agreement with the observed higher density and finer size of 

dispersoids in the 3003_0.2Cd alloy. 

To quantitatively address the dispersion strengthening effect, the measured yield strength of 

the 3003_0.2Cd alloy as-heated to 450 °C was compared with the 3003_0.2Cd alloy 

homogenized at 600 °C for 24 h, where all the dispersoids have dissolved. The almost equal 

EC values of the two samples indicates a similar level of Mn concentrations, and consequently, 

a similar solid solution strengthening. It can be calculated that the dispersion strengthening due 

to dispersoid precipitation in the 3003_0.2Cd alloy as-heated to 450 °C is 37 MPa. 

By using the Orowan looping mechanism, the increase of yield strength contributed by 

dispersoids, ∆𝜎𝑝, can be also theoretically assessed [64]: 

 
∆𝜎𝑝 =

0.84𝑀𝐺𝑏

2𝜋(1 − 𝑣)1/2𝜆
𝑙𝑛

𝑟

𝑏
 (1) 

where M is the Taylor factor, G is the shear modulus of the matrix, b is the magnitude of the 

Burgers vector, v is the Poisson ratio, r is the equivalent radius of dispersoids and λ is the 

interparticle spacing which can be determined by: 
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where f is the volume fraction of dispersoids. Based on the statistical analyses of dispersoids at 

450 °C, the equivalent radius is 11.1 nm, the dispersoid free zone is measured as 15% and the 

corresponding volume fraction is calculated to be 0.52% using the method described in Ref. 

[38] assuming a cubic shape of all dispersoids. Taking M = 2, 𝐺 = 27.4 GPa, |𝑏| = 0.286 𝑛𝑚, 

𝜐 = 0.33  [19], the calculated ∆𝜎𝑝  is 41 MPa, which is slightly higher than the measured 

increment of the yield strength, 37 MPa. This discrepancy is partially associated with a slightly 

lower solid solution strengthening of the sample as-heated to 450 °C than the homogenized 

sample (600 °C, 24 h), as indicated by the EC values in Table 2. Another reason for the 

discrepancy may be related to the simplification of all dispersoids as a cubic shape when 

calculating the volume fraction, while TEM observations reveal that many dispersoids deviate 

from the perfect cubic shape and a small fraction of dispersoids show a rod- or platelet-shaped 

morphology (Figure 3(c)). The shape effect on the measured volume fraction of dispersoids 

based on 2D TEM images has been discussed in detail in Ref. [38]. 

4 Discussion 

4.1 Precipitation of Cd-rich nanoparticles 

It is interesting to see that a high number density of Cd-rich nanoparticles (more than 104 µm-

3) formed at 200-250 °C prior to α-Al(Mn,Fe)Si dispersoid precipitation in the 3003_0.2Cd 

alloy (Figure 6). A phase diagram calculation was carried out by using Thermo-Calc software 

based on the thermodynamic database TCAL4 [65] to show the temperature-dependent Cd 

solubility in a 3003 alloy with the chemical composition of Al-1.1Mn-0.5Fe-0.18Si (Figure 

13). It shows that the solubility of Cd in the Al matrix (highlighted in red) reaches a maximum 

of 0.52 wt.% at 635 °C and decreases gradually with decreasing temperature. At temperatures 

 
𝜆 = 𝑟 ∙ (

2𝜋

3𝑓
)1/2 (2) 
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below 300 °C, Cd has a very limited solubility (≤ 0.01 wt.%). Due to the fast cooling during 

solidification of the as-cast 3003_0.2Cd alloy, most of the Cd atoms are supposed to be in the 

solid solution and the Al matrix is supersaturated with Cd. Therefore, during the following 

heating process until 300 °C, there is a strong driving force for the decomposition of the SSSS, 

which leads to the precipitation of Cd-rich nanoparticles. On the other hand, although Mn is 

also supersaturated in the Al matrix below 300 °C, the diffusivity of Mn is much lower than 

that of Cd. For instance, the diffusion coefficients of the two alloying elements at 200 °C are 

 6.1 × 10−22 cm2s−1  and 2.0 × 10−14 cm2s−1 ,respectively [66–68]. It means that the 

precipitation of Cd-rich nanoparticles will be much faster than that of Mn-containing 

dispersoids during heating at low temperatures. This is the reason why Cd-rich nanoparticles 

could precipitate at 200-250 °C prior to α-Al(Mn,Fe)Si dispersoids during the continuous 

heating. 

According to the previous studies on Cd-containing Al alloys, the decomposition of Cd-

supersaturated solid solution generally leads to the formation of equilibrium hcp Cd phase or 

intermediate hcp Cd’ phase with reduced lattice parameters [40,43]. Here, it is surprising that 

a high density of ultrafine nano-sized metastable Al-Cd precipitates were formed in the 

3003_0.2Cd alloy during heating at 150-250 °C. APT results suggest these Al-Cd precipitates 

have an approximate constitution of Al3Cd or Al4Cd. SAED analyses indicate that the Al-Cd 

precipitate has a crystal structure different from the hcp Cd or Cd’ phases. To the authors’ 

knowledge, such a metastable Al-Cd phase has never been reported before. A further research 

work is yet needed for the determination of its exact crystal structure. In addition, the hardness 

results in this study reveal that these ultrafine Al-Cd precipitates formed during heating 

between 150 and 250 °C have a significant precipitation hardening effect (Figure 1(a)), which 

is also worthy of further investigation. 
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It seems that the crystal structure of Al-Cd phase is sensitive to the particle size and temperature. 

At the temperatures between 250 and 300 °C, some of the Cd-rich nanoparticles have become 

rather coarse, with a diameter of 40-60 nm (Figure 9(a) and (d)). With such a size, the 

metastable Al-Cd precipitates have transformed to the stable Cd phase with a hcp crystal 

structure (Figure 9(b) and (e)). 

4.2 Mechanism of dispersoid precipitation on Cd-rich nanoparticles 

In AA 3xxx alloy, the precipitation of α-Al(Mn,Fe)Si dispersoids is usually very sluggish 

during continuous heating due to the low diffusion coefficient of Mn. In most cases, the earliest 

dispersoid precipitation was observed at 300~350 °C depending on the heating rate and alloy 

composition, and the preferential nucleation sites have been revealed to be dislocations [38]. 

However, the density of dislocations is very limited in as-cast ingots, which therefore results 

in a rather low number density of dispersoids [33,38]. In this work, we have shown that with a 

minor addition of Cd (0.05 at.%), the precipitation of dispersoids and consequently their 

dispersion strengthening are dramatically improved. TEM and APT investigations reveal that 

this improvement is related to a new nucleation mechanism of the dispersoids induced by Cd 

addition. 

The TEM images in Figure 6 and HAADF-STEM images in Figure 7 show that, in the early 

stage of precipitation (~ 300 °C), a large fraction of the dispersoids in the 3003_0.2Cd alloy 

are associated with Al-Cd precipitates which precipitate at lower temperatures (as early as 

150 °C). According to the TEM and APT examinations (Figure 6(c) and 11), there is no 

precipitation of α-Al(Mn,Fe)Si dispersoids in the 3003_0.2Cd alloy as-heated to 250 °C. 

Instead, a high number density of Al-Cd precipitates (~104 µm-3) are detected (Figure 6(b) and 

8). It suggests that the metastable Al-Cd precipitates may have acted as nucleation sites for 

dispersoids. 
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The most striking result revealed by APT is the enrichment of Mn and Si atoms in/around the 

Al-Cd precipitates at 250°C (Figure 11). The “core-shell” structure (Figure 11(c)) indicates 

that the supersaturated Mn (maybe also Fe) and Si atoms in the Al matrix prefer to diffuse and 

partition to Cd-rich atomic clusters. It should be noted that, although attached together, the Al-

Cd precipitates and Mn,Si-rich clusters have grown independently, as illustrated in Figure 6. 

With the temperature increasing from 200 to 350 °C, the average size of Al-Cd precipitates 

increases while the number density drops sharply (Figure 8). On the other hand, since the 

diffusion of Mn and Fe in Al are very slow compared to that of Cd, the coarsening of the Mn,Si-

rich clusters is rather sluggish. Those Mn,Si-rich clusters previously attached to the Al-Cd 

precipitates may survive in the matrix when those smaller Al-Cd precipitates dissolve due to 

coarsening and solubility increase of Cd. With increasing temperature, the partitioning of Mn 

and Si atoms to these clusters will be accelerated due to the increased diffusion coefficients of 

the elements. Once the size of the cluster reaches the critical nucleation radius while the 

chemical composition of the cluster reaches the critical concentration at a higher temperature, 

α-Al(Mn,Fe)Si dispersoids will form. In the 3003_0.2Cd alloy as-heated to 300 °C, the 

unattached α-Al(Mn,Fe)Si dispersoids (indicated by red arrows in Figure 6(c)) have a number 

density of ~1300 µm-3, which is substantially higher than that of the dispersoids in the Cd-free 

3003 alloy subjected to the same heat treatment (barely visible with Nv ˂ 500 µm-3) [38]. Most 

of the unattached dispersoids in the 3003_0.2Cd alloy as-heated to 300 °C are supposed to be 

the product of the further growth of those survived Mn,Si-rich clusters. 

Such a nucleation behaviour of α-dispersoids has some similarities with the heterogeneous 

nucleation of θ’ in Sn-containing Al-Cu alloys reported by Homma et al. [46]. In their work, 

the clustering of Cu atoms with Sn atoms was observed in the early stage of ageing at 200 °C, 

followed by the θ’ precipitation at β-Sn precipitate. The difference is that in the 3003_0.2Cd 

alloy, even after the foreign substrate Al-Cd precipitates have dissolved into the Al matrix, α-
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dispersoids can precipitate from the remaining Mn,Si-rich clusters. Most importantly, the TEM 

and SEM observations demonstrate that this new nucleation approach of dispersoids assisted 

by Al-Cd precipitates is much more efficient than the conventional nucleation on dislocations: 

the earlier-formed Al-Cd precipitates with Mn,Si-rich clusters accelerate the precipitation of 

dispersoids during continuous heating, and their high number density also makes the 

homogeneous distribution of dispersoids possible. 

It has to be noted that Cd is a poisonous element, so it is difficult to use Cd in commercial Al 

alloys. However, the highlight of this work is that we have shown an effective approach to 

promote the nucleation of dispersoids and therefore the dispersion hardening effect of 

aluminium alloy. More interestingly, it has been revealed that the effect of Cd addition on 

enhancing the nucleation of dispersoids is similar to its effect on enhancing the nucleation of 

age-hardening precipitates. Therefore, other alloying additions which have shown similar 

effects as Cd in age-hardening precipitates (e.g. In or Sn) are worth investigating in terms of 

enhancing the dispersoid precipitation. It also needs to mention that a further improved 

dispersion hardening effect can be expected via an optimization of the heat treatment. For 

example, a higher yield strength by annealing at 375 °C for 24 h (86.6 MPa) than that by as-

heated to 450 °C (73.1 MPa) has been reported in a 3xxx alloy [33]. 

5 Conclusions 

In this work, we have demonstrated an effective strategy to enhance the dispersion hardening 

effect of α-Al(Mn,Fe)Si dispersoids in aluminium alloys with a small addition of impurity 

element Cd (0.05 at%). The precipitation behaviour of α-dispersoids as well as their dispersion 

hardening effect in the 3003 alloys with/without Cd addition during continuous heating up to 

600 °C were systematically investigated by employing hardness, EC, tensile test, SEM, TEM, 

and APT. The following conclusions can be drawn from the experimental results: 
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1. An addition of 0.05 at.% Cd can substantially enhance the nucleation and therefore to 

achieve a higher number density of nano-sized α-Al(Mn,Fe)Si dispersoids in the 

temperature range of 350-500 °C during continuous heating. At the peak-hardness 

temperature of 450 °C, the number density of α-dispersoids in the Cd-containing alloy 

is about twice as that of the 3003 base alloy. Accordingly, an increase of YS by 25% is 

achieved with Cd addition. A comparison to the 3003 alloy as-homogenized at 600°C 

for 24h shows that the precipitation of α-Al(Mn,Fe)Si dispersoids in the Cd-containing 

alloy as-heated to 450 °C can provide an increase of yield strength by 37 MPa.  

2. The addition of Cd changes the nucleation behaviour of α-Al(Mn,Fe)Si dispersoids 

from the heterogeneous nucleation on dislocations to a more homogeneous nucleation 

on Mn,Si-rich clusters forming at Cd-rich nanoparticles. During continuous heating, a 

high number density (≥ 1022 m-3) of Cd-rich nanoparticles with a diameter of ~2 nm 

precipitate at 200-250 °C. An APT study shows that these ultrafine Cd-rich 

nanoparticles can attract Mn and Si atoms to form Mn,Si-rich clusters in/around them, 

which act as the precursors of α-Al(Mn,Fe)Si dispersoids formed at higher temperatures, 

~300 °C. 

3. The Cd-rich nanoparticles experienced a phase transformation during heating. The 

majority of ultrafine Cd-rich nanoparticles formed at 150-250 °C have a metastable 

form with an Al3Cd or Al4Cd constitution. These Al-Cd precipitates show a significant 

precipitation hardening effect during heating, with a peak hardness at 200 °C. When 

growing into a larger size of 40-60 nm at higher temperatures, Cd-rich nanoparticles 

transform to the equilibrium hcp Cd phase, which has an OR of (112̅0)𝑝 ∥

(220)𝑚, [0001]𝑝 ∥ [1̅11]𝑚 with the Al matrix.  
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Tables 

Table 1 Chemical compositions (wt. %) of the investigated alloys 

Alloy Mn Fe Si Cd Al 

3003 1.15 0.58 0.20 - bal. 

3003_0.2Cd 1.10 0.50 0.18 0.21 bal. 

 

 

Table 2 Mechanical properties of the 3003 and 3003_0.2Cd alloys subjected to different heat treatments 

Samples EC (MS/m) YS (MPa) UTS (MPa) TE (%) 

3003_0.2Cd, 450°C 22.8 ± 0.1 86 ± 1 136 ± 2 17.7 ± 0.6 

3003, 450 °C 22.3 ± 0.1 69 ± 2 128 ± 2 25.9 ± 2.1 

3003_0.2Cd, 600 °C_24h  22.1 ± 0.1 49 ± 1 126 ± 1 25.8 ± 0.4 
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Figure 1 Evolution of (a) Vickers hardness and (b) EC of the 3003 and 3003_0.2Cd alloys during heating from RT to 600 °C 

at a rate of 50 °C/h. The increase of EC is an indication of the precipitation of Mn-rich α-Al(Mn,Fe)Si dispersoids while a 

decrease of EC means the dissolution of dispersoids.  
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Figure 2 SEM micrographs of (a) 3003 and (b) 3003_0.2Cd alloys as-heated to 450 °C with dispersoids. 
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Figure 3 TEM micrographs of dispersoids in the 3003_0.2Cd alloy at (a) 350 °C; (b) 400 °C; (c) 450 °C; (d) 500 °C; (e) 

550 °C and (f) 600 °C. White arrows indicate the unknown nanoparticles attached to dispersoids. All the presented images 

are taken at the regions with the densest dispersoids. 
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Figure 4 (a) HAADF-STEM image of dispersoids in the 3003_0.2Cd alloy as-heated to 450 °C and (b) corresponding EDS 

line profile of one particle indicated in (a). The STEM-EDS result confirms that the dispersoid is α-Al(Mn,Fe)Si phase and the 

bright particle attached to the dispersoid is a Cd-rich nanoparticle. 
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Figure 5 (a) Equivalent diameter and (b) number density of dispersoids during heating between 350 and 600 °C; size 

distribution of dispersoids during heating in (c) 3003 alloy [38] and (d) 3003_0.2Cd alloy. 
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Figure 6 TEM micrographs of the 3003_0.2Cd alloy as-heated to (a) 200 °C; (b) 250 °C; (c) 300 °C and (d) 350 °C. White 

arrows indicate the “composite” nanoparticles, and red arrows indicate individual dark grey dispersoids. 
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Figure 7 (a) HAADF-STEM image of nanoparticles in the 3003_0.2Cd alloy as-heated to 300 °C and corresponding EDS line 

profiles of (b) line 1 and (c) line 2. EDS analyses reveal that the “composite” nanoparticles is highly likely to comprise one 

Cd-rich particle and one α-Al(Mn,Fe)Si dispersoid. 
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Figure 8 The average diameter (D) and number density (Nv) of Cd-rich nanoparticles and dispersoids in the 3003_0.2Cd alloy 

at 200-350 °C. Note that the displayed number density of dispersoids at 300 °C is based on the measurement of independent 

dispersoids observed and does not take into account the attached dispersoids in “composite” particles. 
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Figure 9 Bright-field TEM images of coarse Cd-rich nanoparticles in the 3003_0.2Cd alloys as-heated to 250 and 300 °C 

along (a) [1̅1̅0]𝑚 and (d) [1̅11]𝑚 zone axes and the corresponding SAED patterns in (b) and (e), respectively. The right 

column is the simulated double diffraction patterns of dispersoids and the Al matrix along (c) [1̅1̅0]𝑚 and (f) [1̅11]𝑚 zone 

axes, respectively, assuming that the orientation relationship between hcp Cd phase and α-Al matrix is (112̅0)𝑝 ∥

(220)𝑚, [0001]𝑝 ∥ [1̅11]𝑚. 
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Figure 10 (a) Bright-field TEM image of Cd-rich nanoparticles formed at 200 °C and SAED patterns along (b) [001] and (c) 

[110] zone axes (multiple Cd-rich nanoparticles are included). No extra diffraction spot except for the diffraction patterns of 

α-Al can be observed. 
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Figure 11 APT results of the 3003_0.2Cd alloy as-heated to 250 °C. (a) Three-dimensional reconstruction of Cd (green), Mn 

(yellow) and Si (grey) atoms within the selected volume; (b) Isosurfaces (green) for regions with higher than 4.6 at.% Cd; (c) 

atom distributions in/around the Cd-rich particle in the blue box in (b) and proxigram profile showing the distributions of Mn, 

Si and Cd in/around Cd-rich nanoparticles. (d) proxigram profile of another Cd-rich nanoparticle in the orange dashed box 

in (b). 
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Figure 12 Engineering stress-strain curves of the 3003 and 3003_0.2Cd alloys as-heated to 450 °C. The tensile curve of the 

3003_0.2Cd alloy homogenized at 600 °C for 24h is displayed for comparison, where the dispersoids have dissolved and the 

solute concentration of Mn is nearly the same as the investigated two alloys as-heated to 450°C.  
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Figure 13 Calculated phase diagram showing the solubility of Cd (red) of the Al matrix in a 3003 alloy (Al-1.1Mn-0.5Fe-

0.18Si) as a funcotion of temperature. In the phase diagram, L is liquid. 

 


